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I.  INTRODUCTION 


This  Is  the  third  Interim  Report  for  Contract  No.  F33615-78-C-1532 
which  Is  entitled  "Effects  of  Surface  Conditions  on  Carrier  Transport  In  III-V 
Compounds."  A  goal  of  this  program  Is  to  relate  GaAs  surface  composition  to 
surface  electrical  characteristics  and  to  Identify  a  surface  treatment  which 
provides  stable,  controllable,  and  reproducible  chemical-  and  electrical- 
properties.  High  frequency  microwave  technology  utilizes  small  dimension 
devices  which  places  great  Importance  on  surface-potential  stability  and 
control  of  the  surface  potential  In  the  active  layer.  Also,  a  useful  GaAs  MIS 
technology  requires  the  development  of  an  Insulator/GaAs  Interface  which  has  a 
sufficiently  low  Interface  state  density  so  that  Inversion  or  accumulation  can 
be  obtained;  such  an  Interface  could  have  considerable  Impact  on  future  GaAs 
device  technology. 

The  approach  being  followed  In  this  program  to  correlate  surface 
chemistry  and  potential  makes  use  of  x-ray  photoemission  spectroscopy  (XPS)  as 
discussed  In  the  previous  two  Interim  reports.  With  this  technique  surface 
chemistry  and  composition,  surface  band  bending  and  thus  surface  charge  can  be 
determined.  A  contactless  C-V  and  G-V  technique  Is  also  being  developed  as  a 
supplementary  probe  of  electrical  Interface  properties.  If  successful,  this 
technique  should  permit  the  determination  of  Interface-state  densities  which, 
when  coupled  with  the  XPS  measurements  of  surface  chemistry,  could  allow 
Information  concerning  the  atomic  nature  of  surface  states  to  be  obtained.  A 
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contactless  probe  could  also  facilitate  the  correlation  of  transport  measure- 
ments  and  surface  composition. 


The  primary  activity  during  the  third  six  month  phase  of  this  program 
Involved  XPS  studies  of  VPE  (vapor  phase  epitaxy)  grown  n-type  and  bulk  p-type 
GaAs(lOO)  samples  (Section  II).  In  Section  II. 1  the  studies  on  the  VPE 
material  are  described.  Section  II.2  discusses  studies  on  the  p-type  material 
and  Section  I I. 3  compares  XPS  surface  potential  and  chemistry  measurements  for 
bulk  n-  ana  p-type  GaAs(lOO)  samples.  Section  III  describes  construction  of 
the  contactless  C-V  apparatus.  The  assembly  of  several  of  the  Initial 
mechanical  components  Is  outlined  In  Section  III.l,  Instrumentation  associated 
with  control  of  the  apparatus  Is  discussed  In  Section  I I I. 2  and  fabrication  of 
the  C-V  probe  tips  Is  reported  In  Section  II 1.3. 


II.  XPS  SURFACE  STUDIES  OF  GaAs(lOO) 


Our  previous  XPS  studies  (see  Interim  Report  #2)  have  concentrated  on 
bulk,  n-type  RaAs  (Crystal  Specialties,  boule  #3686,  2  x  10^^  cm"^  Te  doped). 
In  this  section.  Initial  studies  of  VPE  samples  (grown  by  the  microwave 
section  of  ERC  (Thousand  Oaks),  n-type,  4  x  10^®  cm"^)  and  bulk  p-type  (2  x 
10^®  cm"^)  Crystal  Specialities  specimens  are  reported.  Also,  a  comparative 
study  of  band  bending  on  bulk  (100)  n-  and  p-  surfaces  Is  reported.  Sample 
preparations  and  application  of  XPS  for  the  determination  of  surface  (or 
Interface)  potentials  were  described  In  detail  In  the  last  Interim  Report  (#2) 
and  will  not  be  repeated  here. 

1.  Oxidation  and  Thermal  Treatments  of  VPE  Grown  n-Type  GaAs(lOO)  Layer 

The  experiments  reported  In  this  section  were  carried  out  to  deter¬ 
mine  If  there  were  any  significant  differences  In  the  chemistry  and  (Inter- 
facial)  surface  potential  for  VPE  samples  as  compared  to  previously  Investi¬ 
gated  bulk  n-type  GaAs.  The  results  of  various  treatments  are  listed  In  Table 
1.  The  VPE  layer  results  are  very  similar  to  the  earlier  bulk  results.  The 
thermal  treatments  to  about  ~  690*C*  results  In  converting  a  surface  with 
mixed  Ga-  and  As-  oxides  to  one  of  solely  Ga203.  Further  heat  treatment  at 
710*C  removes  the  Ga203  from  the  surface  and  results  In  a  clean  GaAs(lOO) 

*The  exact  surface  temperature  Is  difficult  to  determine.  The  relative 
measured  temperatures  Indicated  throughout  this  report  are  all  too  high 
perhaps  as  much  as  *•  20%. 


surface  with  a  characteristic  LEEO  pattern.  Exposure  of  this  clean  surface  to 
O2  at  elevated  temperatures  (~  600*C)  results  In  Ga203  formation  and  concomit¬ 
ant  loss  of  the  LEEO  pattern.  These  surface  treatments  result  In  a  variation 
of  the  surface  potential  which  closely  mimics  that  observed  for  the  surfaces 
of  bulk  samples.  Namely,  the  Ga203  surface  exhibits  only  a  small  band  bending 
(~  0.2  eV),  while  thermal  cleaning  results  In  a  large  band  bending.  Table  1 
also  summarizes  results  from  the  deposition  of  As  (a  heated  quartz  ampoule 
filled  with  GaAs  was  employed  as  an  As  source)  on  clean  GaAs(lOO)  at  low 
substrate  temperatures.  Such  depositions  resulted  In  elemental  As  overlayers 
as  detected  by  a  0.3  eV  chemical  shift  of  the  As  3d  line  to  higher  binding 
energy;  however,  no  change  In  surface  potential  was  observed.  Thermal 
treatment  resulted  In  the  As  being  easily  driven  off. 


TABLE  1 

XPS  RESULTS  FOR  SEVOWL  TREATMENTS  OF  GaAs(lOO)  VPE  #1100 
(n  -  4x10^®  cm'^.  3y  ON  n'^)  SURFACE* 


T  reatment 

Relative  As  3d 
Binding  Energy 
In  GaAs  (eV) 

Remarks 

690*C 

16  Hrs  Vacuum 

Ga203 

710*C 

0.0 

Clean,  LEED 

2xl0\  HgO  (600*0 

0.0 

2xl0\  O2  (600*0 

+0.2 

Ga2D3 

700*C 

0.0 

Clean,  LEED  Ga  3d/As  3d  -  0.88 

Deposit  As*  (25*0 

(+0.3)** 

Ga  3d/As  3d  -  0.02 

(No  Significant  Shift  In  Ga  3d  Line) 

700*C 

0.0 

Clean,  LEED  Ga  3d/As  3d  -  0.88 

Deposit  As*  (75*0 

(+0.3)** 

Ga  3d/As  3d  -  0.42 

(No  Significant  Shift  In  Ga  3d  Line) 

*  -  •  0.1  eV  Binding  Energy  Instability 
^  -  Chemical  Shift  Due  to  As* 

2.  Oxidation  of  Bulk  p-Type  GaAs(lOO) 


This  section  will  report  our  Initial  Investigation  of  bulk  p-type 
GaAs(lOO)  surfaces.  These  results  are  sumnarlzed  In  Table  2.  The  chemistry 
of  the  p-type  surface  Is  similar  to  that  for  n-type  described  above.  Heat 
treatment  at  600*C  produces  a  surface  of  Ga203,  while  further  treatment  at 
705*C  yields  a  clean  surface  with  a  characteristic  LEEO  pattern.  High  temper¬ 
ature  (600*0  oxidation  results  In  a  Ga203  covered  surface.  The  surface- 
potential  behavior  as  a  function  of  treatment  Is  discussed  further  In  the  next 


section  where  a  comparison  of  n-  and  p-type  samples  is  presented.  Only  two 
points  will  be  mentioned  here,  namely,  the  potential  variations  are  similar  to 
those  observed  for  n-type  (see  Table  1)  and,  secondly,  as  previously  reported 
(Interim  Report  #2  Contract  No.  F33615-78-C-1532),  vacuum  storage  (at  ~  2  x 
10"^  torr,  16  hours)  results  In  a  potential  shift. 


TABLE  2 

XPS  RESULTS  FOR  OXIDATION  OF  GaAs(lOO) 
(p  -  2xl0l®  cm-3)  SURFACE* 


T  reatment 

Relative  As  3d 
Binding  Energy 

In  GaAs  (eV) 

Remarks 

600*C 

+0.3 

^*2^3 

705*C 

0.0 

Clean,  LEED 

O2  2xl0\  (600*0 

+0.2 

08203 

16  Hrs  Vacuum 

+0.3 

— 

Sputter  1  keV  Ar'*’ 

.  Anneal  3,50®C 

-0.1 

No  LEED 
( Smal 1  08203 ) 

*  -  «  0.1  eV  Binding  Energy  Instability 


3.  Comparison  of  Surface  Band  Bending  on  n-  and  p~Type  GaAsdOO) 

Surfaces 

To  facilitate  comparison  of  the  chemistry  and  surface  potential 
variations  between  n-  and  p-type  GaAs(lOO),  an  n  and  p  specimen  were 
simultaneously  given  a  chemical  etch  In  the  same  solution  and  then  mounted 
side  by  side  on  the  same  sample  platen.  Thus,  both  samples  were  exposed  to 
the  same  chemical  and  thermal  treatments.  The  results  are  shown  In  Fig.  1, 
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where  binding  energies  are  reported  on  an  absolute  scale  which  is  referenced 
to  a  thick  Au  deposit  (~  100  A)  (Au  binding  energy  =  84.00  eV).*  As  can 

he  seen  in  Fig.  1,  except  for  some  small  subtle  (~  0.1  eV)  differences,  the 
surface  potentials  for  n  and  p  type  GaAs(lOO),  as  monitored  by  the  As  3d  core¬ 
level  binding  energy,  track  together  in  a  highly  correlated  manner  as  a 
function  of  surface  treatment.  It  must  be  remembered,  however,  that  when 
considering  the  band-bending  potential,  this  behavior  is  opposite.  For 
example,  consider  the  clean  surface;  when  exposed  to  2  x  10^  L  O2  at 
the  As  3d  core  level  shifts  by  0.18  eV  to  higher  binding  energy  for  both  n- 
and  p-GaAs(lOO).  However,  in  the  case  of  n  GaAs(lOO),  this  means  the  band 
bending  is  reduced  by  0.18  eV,  while  in  the  case  of  p  GaAs(lOO)  the  band 
bending  is  increased  by  0.18  eV.  Another  interesting  aspect  of  Fig.  1  is  that 
the  surfaces  can  be  prepared  with  at  least  several  different  surface 
potentials.  This  result  may  be  in  contradiction  to  the  recently  proposed 
Universal  Defect  Model  for  surface  Fermi  level  pinning**  which  suggests  a 
unique  pinning  position  for  the  energy  bands  on  n-  and  p-type  samples.  One 
final  interesting  observation  concerns  the  effect  of  Au  deposits  on  the 
surface.  Before  terminating  the  experiment  with  a  thick  Au  deposit  for  a 
final  absolute  reference  energy  determination,  intermediate  amounts  of  Au  were 
deposited.  At  first  only  a  small  submonolaiyer  amount  of  Au  was  deposited. 

The  Au  binding  energy  had  a  0.29  eV  difference  between  n-  and  p-type 

*P.  R.  McPeeley,  S.  Kowalczyk,  L.  Ley,  R.  A.  Poliak  and  0.  A.  Shirley, 

Phys.  Rev.  B  7.  5228  (1973). 

**W.  E.  Spicer,  I.  Lindau,  P.  Skeath,  C.  Y,  Su,  and  Patrick  Chye,  Phys. 

Rev.  Lett.  ^  420  (1980). 
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GaAs,  the  same  difference  as  observed  for  the  As  3d  binding  energy  in  n  and  p 
GaAs.  This  submonolayer  deposit  had  little  effect  on  the  surface  potential  as 
seen  in  Fig.  1.  Next,  the  Au  deposit  was  increased  to  several  monolayers.  At 
this  point  the  Au  binding  energy  on  n-GaAs  decreased  by  0.82  eV,  while 

on  the  p-GaAs  the  Au  4fyy2  binding  energy  decreased  by  0.53  eV.  Now  the  Au 
4f7/2  binding  energy  was  the  same  on  both  n  and  p  GaAs,  i.e.,  84.20  eV.  At 
this  point,  there  is  a  large  surface  potential  shift  in  the  n-type  sample, 
which  resulted  in  the  same  As  3d  binding  energy  for  the  n  and  p  type  samples 
(see  Fig.  1).  A  final  thick  deposit  of  Au  resulted  in  a  further  shift  of  the 
Au  4fy72  l>y  eV  to  lower  binding  energy;  it  was  observed  that  a  small 
amount  of  As  was  present  on  top  of  the  Au  deposit. 


III.  CONTACTLESS  C-V  APPARATUS 


In  this  section,  we  describe  ^e  progress  In  construct  '•  and  Imple¬ 
mentation  of  our  proposed  contactless  C-V  apparatus.  The  basic  objective  Is 
to  bring  a  50  mil  diameter  circular  probe  to  within  a  ~  500  A  air  gap  of  the 
surface  of  a  GaAs  sample  to  achieve  a  contactless  C-V  measurement.  Section 
III.l  details  the  now  completed  assembly  of  several  mechanical  components  of 
the  apparatus  and  Section  III. 2  describes  the  design  of  the  computerized 
electronic  Instrumentation.  The  fabrication  of  a  highly  flat  probe  tip  Is 
described  In  Section  I I I. 3 

1.  Assembly  of  Mechanical  Components 

Figure  2  Is  a  crossectlon  view  showing  the  relationship  between  the 
sample,  the  6-mot1on  assembly,  and  the  Z-motlon  assembly.  The  GaAs  sample  Is 
mounted  on  the  end  plate  of  the  e-motlon  transducer  assembly  (6-TA),  which  In 
turn  Is  attached  to  the  gimble  table  (the  reader  Is  referred  to  Interim  Re¬ 
ports  1  and  2,  Contract  No.  F33615-78-C-1532,  for  additional  details  of  the 
mechanical  design).  The  upper  part  In  Fig.  3  Is  the  completed  e-TA,  shown 
attached  to  a  differential  micrometer  screw.  When  the  e-TA  Is  mounted  on  the 
Gimble  Table,  this  differential  screw  Is  adjusted  manually  to  bring  the  top  of 
the  sample  Into  the  plane  of  the  gimble  pivots.  The  e-TA  consists  of  four 
ceramic  piezoelectric  transducer  (CRT)  pillars  connected  electrically  so  that 
opposing  pairs  can  be  activated  to  provide  a  tilt  action.  Figure  4  shows  the 
completed  Gimble  Table  Assembly  in  which  the  e-TA  will  be  mounted.  The  two 
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Fig.  2  Schematic  Drawing  Which  Shows  Relationship  of  2  and  6 
Motion  Components. 


Assembled  e  -  Motion  (Upper)  and  z  -  Motion  (Lower)  Components. 


Gimbled  Table  With  Motor-Driven  Differential  Screws. 
0-Motion  Assembly  Shown  in  Fig.  3  Mounts  in  the  Tube 
Which  is  Attached  to  the  Gimbles. 


motor-driven  differential  screws  provide  for  a  coarse  6  adjustment  of  up  to 
2.5*  (  4  X  10‘^  rad)  with  a  resolution  of  1  x  10“®  radians.  A  vernier  e 
motion  of  up  to  5  X  10"^  radians  with  a  resolution  of  5  x  10"^  radians  Is 
provided  by  the  6-TA  assembly  after  the  coarse  mechanical  6  alignment.  This 
combination  of  mechanical  and  electrical  adjustment  for  e  motion  should 
provide  an  adequate  range  for  proper  operation. 

A  similar  coupling  of  mechanically-  and  electrically-induced  motion 
was  used  for  the  gap  spacing  (z-motlon)  assembly.  The  completed  z-motlon 
assembly  Is  shown  In  the  lower  half  of  Fig.  3.  This  assembly  consists  of  a 
motor-driven  differential  screw  to  which  Is  attached  a  CPT  pillar.  The  probe 
tip  (described  In  Section  3.3)  Is  attached  to  the  opposite  end  of  the  CPT  to 
make  up  the  Z-transducer  assembly  (Z-TA).  The  differential  screw  has  a  total 
motion  of  10  aril  (250  pm)  with  a  resoluble  motion  of  1000  A.  The  Z-TA  has  a 
total  travel  of  3  pm  with  a  resolvable  motion  of  at  least  50  A.  The  z-motlon 
assembly  Is  mounted  directly  over  the  e-motlon  assembly  by  means  of  an 
aluminum  support  frame  (Fig.  2). 


2.  Instrumentation  of  C-V  Apparatus 

In  Fig.  5,  we  show  a  block  diagram  design  of  the  computerized 
Instrumentation  of  the  contactless  C-V  system.  The  system  Is  designed  such 
that  after  initial  coarse  manual  set-up,  the  system  will  operate  under 
"closed-loop*  computer  control  to  bring  the  probe  tip  to  within  500  A  of  the 
sample  surface  with  a  parallel  alignment  of  <10**^  radians. 
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Instrumentation  of  Contactless  C-V  Apparatus. 


For  clarity  In  explaining  the  operation  of  the  system,  vm  show  In 
Fig.  6  the  dual  frequency  modulation  scheme  derived  In  Interim  Report  #1  for 
detecting  both  the  angular  deviation  from  parallel,  6,  between  the  probe  and 
the  sample  and  the  spacing,  d,  between  probe  and  sample.  The  gap  spacing  Is 
measured  by  placing  a  small  AC  modulation  voltage  at  frequency  across  the 
probe  tip  and  sample.  The  angular  deviation  e  Is  modulated  by  applying  a  small 
AC  voltage  at  frequency  to  the  e  transducer  assembly  e-TA  »  u^).  The 
output  of  lock-in  2  Is  thus  an  error  signal  for  6,  Sg,  of  0g  “(uyCgVgkAele, 
where  the  symbols  are  defined  In  Fig.  6.  The  output  of  lock-in  1  Is  a  signal 
proportional  to  the  capacitance,  C,  between  the  probe  and  sample,  C  ■  “vCqVo 
(1  +  2k  0A8  sin  «gt).  Therefore,  when  e  *  0,  C  «  “y^o'^o  lock-in  1 
measures  Cq  *  SgA/d,  from  which  the  gap  spacing  d  Is  obtained. 

In  operation,  the  computer  moves  the  z-motlon  drive  until  lock-in  1 
gives  a  signal  level  which  shows  the  probe  Is  near  the  sample.  The  0- 
allgnment  has  two  orthogonal  degrees  of  freedom,  0j  and  02  accomplished  by  the 
gimble  table  micrometers  and  the  0-TA.  First,  6^  Is  varied  to  minimize  0g, 
then  02  Is  varied  to  produce  0g  -  0.  Output  C  then  gives  a  measure  of  d.  If 
d  needs  to  be  smaller  the  Z-mlcrometer  or  Z-TA  can  be  used,  followed  by  any 
necessary  adjustment  of  or  02*  To  control  the  micrometers,  the  computer 
provides  drive  to  the  motors  attached  to  the  Z-mlcrometer  differential  screw 
and  the  and  62  differential  micrometer  screws.  Feedback  to  determine 
micrometer  rotation  Is  monitored  by  turn-counters  attached  to  these  motors, 
whose  outputs  are  read  by  the  computer.  The  drive  for  the  Z-TA  and  o-TA 
assemblies  is  a  0-1000  V  signal  also  controlled  by  the  computer.  Feedback  to 


Fig.  6  Contactless  C-V  Measurement  Scneme. 


measure  the  effect  of  Z-TA  and  e-TA  changes  is  computer  monitored  by  reading 
the  output  of  lock-in  1  and  lock-in  2,  respectively.  The  Z-TA  is  designed  so 
a  IV  change  in  drive  corresponds  to  a  50  A  change  in  d,  the  gap  spacing.  The 
e-TA  is  designed  such  that  a  1  V  change  in  drive  produces  a  5  x  10"^  radian 
change  in  6.  This  alignment  sensitivity  should  be  entirely  adequate  for 
proper  operation  of  the  C-V  apparatus.  We  are  presently  in  the  initial  stages 
of  interfacing  a  computer  (Analog  Devices  MacSym  II)  to  the  system. 

3.  Probe  Tip  Construction 

Probe  tips  for  the  C-V  apparatus  have  been  fabricated  as  described 
below.  First,  degenerately  doped  Si  (p  =  0.004  ohm  -  cm)  slices  were  sorted 
for  flatness.  It  is  necessary  to  maintain  better  than  0.5  urn  surface 
variation  per  inch  to  achieve  an  acceptable  probe  tip  flatness.  The  silicon 
wafers  used  exhibited  less  than  0.25  pm  per  inch  surface  variation  in  selected 
areas.  Next,  mesas  were  formed  by  isotropically  etching  the  silicon  from  the 
top  side;  the  backside  of  the  wafers  is  thermally  bonded  to  a  glass  slide  with 
black  wax.  Liquified  black  wax  was  screened  on  to  the  smooth  top  surface  of 
the  wafer  through  an  appropriate  metal  mask.  The  mask  was  lifted  off  and  the 
wax  was  allowed  to  harden.  This  left  a  protective  pattern  of  dots  on  the 
surface  while  the  backside  of  the  wafer  was  sealed  and  protected  from  the 
etch.  The  isotropic  silicon  etch  solution  used  was  nitric,  acetic,  and 
hydrofluoric  acids  (HN03;CH300H:HF)  in  the  proportions  7:2:1  respectively. 

This  solution  provides  an  etch  rate  of  ~  5  pm  per  minute.  The  individual 
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mesas  were  then  isolated  hy  wafer  sawing  and  each  die  was  mounted  on  a  metal 
carrier  with  either  conductive  epoxy  or  preform  soldering.  The  final  probe 
tip  assembly  Is  shown  In  Fig,  7. 
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Fig.  7  Photograph  of  a  Probe  Tip  Fabricated  From  a  Highly  Doped 
Silicon  Wafer 
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